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Abstract

This paper reports the deposdtion of active protein thin films by a nove laser-based
gpproach termed matrix assisted pulsed laser evaporation (MAPLE). We have deposited
uniform 10 nm to nearly 1 im thin films of insulin and horseradish peroxidase (HRP).
We peformed severad experiments to characterize the chemica integrity of the deposited
films.  Matrix assded lasx  desorption/ionization  (MALDI) and  liquid
chromatography/electrospray  ionization mass gpectrometry (LC/ESIMS)  experiments
peformed on MAPLE-deposted insulin films indicae the laser-maerid interaction
involved in this depogtion technique does not modify the protein's mass.  Fourier
transform infrared spectroscopy (FTIR) experiments show that the chemicd functiondity
and secondary sructure of MAPLE-deposted HRP is nearly identicd to the native
protein. We dso find that depodted HRP films retan their ability to cadyze the
reduction of 3,3-diaminobenzidine (DAB), suggesting that the active ste of transferred
proteins is unaffected by the MAPLE processs We adso produced patterns and
multilayers with feature szes from 20 to 250 im by deposting different biomaterids
through a shadow mask. Patterns of physisorbed HRP were then protected from
dissolution in agueous environment by a semi-permesble, polymer overlayer that was
deposited in situ usng pulsed laser depostion (PLD). This polymer membrane protects
the proten pattern when it is exposed to DAB solution and enables the optica
observation of HRP activity for spots as small as 2000 inf. These results demonstrate
that MAPLE is a preferred technique for depositing active biomolecules for applications
ranging from microfluidic sensor devices to gene and protein recognition microarrays.

Introduction
Versatile methods for forming thin films of proteins, antibodies, and DNA are

necessary to fulfill needsin next- generation applications such as microfluidic biosensors



and biochips, gene and protein recognition microarrays, coatings to prevent device failure
due to biofouling, and biocompatible coatings for medica implants and implantable
devices1%3456:7:89.101112.13 Theg anplications each have different parametersfor thin
films and often place specific congraints on the techniques used to deposit them. For
example, DNA or antibody microarrays require hundreds to thousands of different
biomolecules to be placed adjacently and within tens of microns**®"# A prosthetic joint
may require asingle coating or multilayers of biomaterids that are continuous (uniform)
and well adherent to reduce inflammation, decrease friction and wear (lubrication), or
increase its biocompatibility.> 0111213 Microfluidic devices for detecting biological or
environmental andytes may require different proteins, enzymes, or cdlls to be patterned
and immobilized adjacently, with varying film thicknesses, and with micron resolution.+
These devices will aso require coatings to enhance biocompatibility or to prevent device
failure due to biofouling or contamination.®° This manuscript describes anovel laser-
based method to vapor deposit films and patterns of active proteins that has the potential
to meet many of these next generation requirements.

Current technologies for depositing thin films and patterns of biomolecules are
numerous and can be grouped into two categories. 1) techniques that pattern monolayers
(or dightly thicker multilayer films), and 2) techniques that form patterns of thicker films
(>500 nm). Langmuir-Blodgett dip coating usng sdlf-assembled monolayers (SAM’s) is
the most common method to functionalize surfaces with single biomolecular layers™*1°
In conjunction with other technologies, such as photo- and soft lithography, this
16,17,18

technique can be used to form patterns of various biomolecules including proteins.

HIm thickness can dso be controlled by forming multilayers, but increasing the thickness



requires repeating the coating procedure for each additiond layer and islimited in the
materials used to creste the film (typicaly amphiphiles). Soft lithography is aterm that
encompasses agroup of reatively new techniques that use micromachined polymer
samps and SAM technology to transfer patterns of biomolecules to more adhesive
substrates.>192° One of these approaches is termed microcontact printing (i CP). This
technique has excdlent pattern resolution (pattern width < 1 1m) and the ability to form
patterns of proteins and other biomaterials, but it is generaly used to deposit monolayer
films and requires repeated stamping to form multiple layers®!?? Other techniques are
cgpable of patterning proteins by using microfluidic channesto confine the flow of
solutions containing the molecule of interest.>3242° By exposing biomateridsin this
manner to an adhesive subgtrate, adjacent patterns of different biologicas, including
cells, can be formed.?®

There are dso severd techniques capable of forming patterns of thicker
biomaterid films. Severd researchers have shown that ink jet printing is able to deposit
films and patterns of biomolecules for arange of commercia applications®’?32° By
using multiple print heads, this technique is capable of producing adjacent patterns of
different biomaterids, athough jet dlogging is problematic when multiple materids with
different chemical and physica properties are deposited. Ink jet processes are able to
produce spots less than 30 1 m in diameter, but cannot produce near-monolayer coverage
and thickness control is dependent on the Sze of the dispensed droplet and surface
wetting. There are o laser-based direct write technologies that show promise as novel

techniques to form mesoscopic patterns of biomaterias. One such technique dispenses

biomaterias by utilizing alaser to guide proteins and cdlls down a hollow fiber,%3! while



another gpproach usesa UV laser pulse to forward transfer active proteins and viable
cdlsfrom a solid support to a receiving substrate: >

Attempts have dso been made to form thin films of proteins through conventiona
laser-based deposition processes. 1n 1990 Nelson, et al. demonstrated that DNA
molecules could be transferred from afrozen aqueous target intact by using pulsed laser
energy.>® This approach, termed matrix assisted |aser desorption/ionization time-of-flight
(MALDI-TOF), embeds a biomateria in amairix to shield it from damage by the
incident laser. Theionized biomaterid is then directed into atime-of-flight tube for
energy and mass andysis. Tsuboi et a. used alaser ablation deposition technique to
deposit silk fibroin from a solid target to quartz and ZnSe substratesin vacuum.®* The
infrared spectrum of the deposited materia was nearly identica to the bulk, pressed
target materia, but a mass didtribution of the deposited materia was not reported.
Phadke et d. used avaridion of this technique to form films of bacteriorhodhopsin and
glucose oxidase:**° In order to reduce the laser interaction with the protein, a composite
target was formed containing the protein in a surfactant matrix. The surfactant was found
to protect the biomaterid, and films of active protein were formed. This approach,
however, results in a contaminant-rich film that contains not only the protein of interest
but aso the surfactant used in the target.

Here we describe the formation of pure biomolecular films by anovel laser-based
deposition technique termed matrix asssted pulsed laser evaporation (MAPLE).
MAPLE was origindly developed as a psuedo-dry method to produce high qudlity films
of chemo-selective polymers®”-3839 |t is an attempt to avoid the pitfals found in solvent-

based coating technologies such as inhomogeneous films, inaccurate placement of



materid, and difficult or inaccurate thickness control. MAPLE is an extension of pulsed
laser depogtion (PLD), which often is unable to successfully form films of complex
polymers or biomolecules due to the irreversible photo-initiated destruction of chemical
bonds required for desorption. MAPLE is able to avoid this damage by embedding a
polymer or biomolecule in a UV-absorbent, high vapor pressure solvent. Theresulting
matrix preferentialy absorbs the incident laser energy and the collective action of
multiple collisons of the evaporating solvent with the embedded molecule result in a soft
desorption with excdlent structurd fidelity. This gpproach has been shown to
successfully form homogeneous films of several chemo-selective polymers:®

In this work, we successfully used the MAPL E technique to deposit thin films of
biomolecules with excdlent control over surface morphology and thickness (10 nm to
nearly 11m). We performed MALDI-TOF, liquid chromatography/el ectrospray
ionization mass spectrometry (LC/ESIMS), chemica activity tests, atomic force
microscopy (AFM), and Fourier transform infrared (FTIR) spectroscopy experiments on
the MAPLE-deposited filmsin order to characterize the chemical and physicd integrity
of the trandferred biomolecular films. This manuscript aso demongtrates the unique
capabilities MAPLE possesses as a potentia processing tool to fabricate microarrays and
active dements for microfluidic sensors. We deposited adjacent arrays of two different
biomaterias with pattern dimensions ranging from 20 to 250 i m. Biomateria and
polymer multilayers were dso deposited in situ as amethod to retain these patterns
during exposure to an agueous environment. Overdl, we find that MAPLE successfully
forms thin films and patterns of unperturbed biomaterias thet retain their chemical

activity and Sngular mass identity.



Experimental M ethods
Thin Film Depositions

The MAPLE processis used to form thin films in vacuum by exposing afrozen
target of mixed volatility to arastered excimer laser (20 ns, 193 nm) that is pulsed at 10
Hz. Figure 1lisadiagram of the MAPLE gpparatus. Thetargets consst of adilute
mixture of biomoleculesin an agueous buffer solution (large solute molecules embedded
in avolatile matrix). The target concentration can be dtered from 102 to 10 g
biomolecule/g buffer solution. Depending on the solute molecular weight, these
concentrations trandate to awater molecule-to-biomolecule ratio of 3x10% to 1x10° for
high and low solute concentrations in the matrix, respectively. The fluence of the UV
laser can be varied from 0.1 to 1 Jen?, but fluences of lessthan 0.2 Jon? were used to
prevent damage to the deposited biomolecules. The rate of film growth can be changed
over three orders of magnitude by adjusting the laser pulse frequency (1 to 20 Hz), the
target-to-substrate distance (d = 3 to 7 cm where closer target-to-substrate distances, d,
increase the deposition rate by roughly 1/d?), the laser fluence, the target temperature, or
the macromolecular concentration in the matrix.

MAPLE is chosen to deposit biomaterids because it is able to transfer delicate
polymeric materials undamaged.®"*83° The incident laser pulse used for MAPLE initiates
a phototherma process in the water matrix, vaporizing the frozen materid and releasing
the biomaterid into the chamber. Because of the low concentration of biomaterid in the
target, the photonsinteract primarily with the matrix, and the macromolecules are

released intact and undamaged. The momentum, resulting from the vaporization process,



carries the water and biomaterias toward the subsirate. Because water isvolatile at
ambient temperature, it is removed by the pumping syslem. The base pressure in the
MAPLE chamber is 10°° torr, and during depositions the pressure rises to no grester than
10 torr due to laser-induced desorption. We purposdly perform the depositions under
vacuum so that the more volatile matrix component (water) is pumped away, while the
heavier, less volatile biomolecules condense on the subsirate to form the desired film.
This vaporization processisin contrast to traditiona pulsed laser deposition (PLD) where
the laser energy directly interacts with the molecules to be deposited.*® Due to the
destruction of chemica bonds during this direct |aser-materid interaction, the chemica
identity of the transferred speciesis often logt, and the film is comprised of materid with
lower average molecular weight than the starting material.** Theindirect manner in

which the MAPLE process transfers energy to the macromolecules iskey to the
successful, non-destructive deposition of organic materias such as polymers and
biomolecules.

MAPLE depositions are compatible with many different subsirates such as
polymers, ceramics, metals, and semiconductors. The current studies deposited
physisorbed biomolecules on gold, platinum, NaCl plates, Si(111), hydrogenated Si, and
ethylene vinyl acetate (EVA) coated S. The choice of subgtrate isimportant for the
biomolecule adhesion and is the subject of continued research by this group.

The composition and temperature of the MAPLE matrix are aso important in
determining the rate of deposition and structure of the biomolecule. We used a phosphate
buffer solution (PBS) at pH 7.2, 300 mOsm for the horseradish peroxidase (HRP, Sigma

Chemica Corp.) and insulin (Sigma Chemica Corp.) depositions. To form 20to 250 im



diameter patterns of biomaterias, a40 i m thick, gold-plated nickel shadow mask from
Metrographics (a Divison of Dynamics Research Corporation) was attached directly to
the substrate during the depositions. In order to increase the materid adhesion and to aid
in growing thicker films, a composite target of 1 wt% polyethylene glycol (PEG, MW =
4600 amu, Aldrich) and 0.5 wt% biomaterial was used. Specificdly, acomposite
mixture of PEG and PBS was used for the shadow mask depositions of fluorescent-
tagged dextran (MW = 10,000 amu, Molecular Probes) and HRP in order to deposit films
thick enough for fluorescence to be opticaly observed in adry environment. A liquid
nitrogen-cooled cold finger contrals the temperature of the matrix inside the deposition
chamber. A matrix temperature of —60°C resulted in the most uniform films and ahigh
deposition rate, but depositions can be performed at temperatures ranging from —40
(higher growth rate) to —160°C (lower growth rate).
Thin Film Characterization

To characterize the MAPLE-deposited protein thin films, we utilized MALDI,
LC/ESIMS, FTIR, and chemicd activity tests. For MALDI, the samples were
recondtituted in 5 pL. of 0.1% trifluoroacetic acid (TFA)/water and 1 L of this solution
were added to 4 pL of asinapinic acid (SA, 3,5-Dimethoxy-4- hydroxycinnamic acid)
matrix solution (saturated SA in 70% acetontrile/30% 0.1%TFA in water). The
andyte/matrix solution was thoroughly mixed and 2 pL of this solution was deposited on
adanless sted probetip. The sample was dried under astream of ar. MALDI andysis
was performed using a linear time-of-flight mass spectrometer with a 1.5 m path length.*
The acceleration voltage was 23 kV and a microchanne plate detector, operating at 1.8

kV, was used for ion detection.  Signals were amplified with an EGG preamplifier and



collected with a LeCroy 9350A digitizing oscilloscope. Samples were desorbed with a
LSl 337-ND nitrogen laser operating at 1-2 Hz. The pulse energy of the laser was
controlled with a variable attenuator and the pulse energy was adjusted to the threshold
energy necessary for desorption (< 10 pJpulse). A 25 cm focd length lenswas used to
focus the laser on the sample. The instrument was externdly cdibrated with Angiotensin

I (M.W. 1295.6) and bovine insulin (M.W. 5733.6) before and after the samples were
andyzed. There was no contamination from the insulin cdibrant, as demondirated by
blank runs between sample and calibrant anayses.

For liquid chromatography/e ectrospray ionization mass spectrometry
(LC/ESIMYS) andysis, evaporated samples were recongtituted in gpproximately 20 pL of
0.1% TFA in water. Spectrawere obtained on a Thermoquest- Finnigan LCQ ion trap
mass spectrometer. The heated capillary temperature was set at 200 °C and the capillary
and tube lens offsets were zero. The instrument was scanned from 700-2000 amu. The
ingrument was tuned and cdibrated with a sandard myoglobin tuning solution prior to
use. Electrospray ions were generated with a home-built microspray interface, based on
the design of Fales and coworkers consisting of a 1.5 cm long, 190 um o.d., and 50 pum
i.d. fused silica capillary.*® The capillary was held in place using ametdl liquid
chromatography union, and the electrospray voltage (1.5-2.5 kV) was applied to the
solution through contact with the eectrified union. Samples were introduced by liquid
chromatography, using methods similar to those described by Hunt and coworkers** The
outlet of acapillary liquid chromatography column was connected directly to the meta
union. The column consisted of a 20 cm piece of 190 um o.d., 100 umii.d. fused silica

capillary column packed with 5 um C18 chromatography support (YMC, Inc.). Samples



were loaded onto the column in 0.1% TFA and euted with a mobile phase congsting of
70% acetonitrile/30% 0.1%TFA at aflow rate of 1 pL/minute (supplied by an Applied
Biosystems Dud Syringe Drive pump). Electrospray spectra were obtained over the
course of the 30 min dution time.

Severd other methods were also used to characterize the thin films deposited by
MAPLE. Thin films of HRP were deposited onto NaCl plates by both MAPLE and
gpray-coating. A Nicolet FTIR spectrometer was then used to obtain transmission spectra
from 400 to 4000 cm. The chemicd activity of MAPLE-deposited protein was also
andyzed by exposing HRP thin films to a standard 3,3-diaminobenzidine (DAB)
solution and optically observing the reduction of DAB. Micrographs of fluorescing
Texas Red-labeled dextran films were obtained using a Nikon optical microscope
equipped withamercury arc lamp filtered with a standard G-2A filter block with a510-

560 nm window and a 590 nm Band passfilter.

Results and Discussion
Surface M or phology

To examine the surface morphology of protein films formed by MAPLE, we grew
horseradish peroxidase (HRP) films at different deposition rates between 0.02 nm/laser
shot and 0.06 nm/laser shot. We investigate the surface morphology of HRP films
because the chemica integrity of this protein is eadly andyzed through FTIR and
chemica activity measurements that are described below. Figure 2(a) showsa3D AFM
image of a200 nm thick HRP film grown at approximately 0.02 nim/laser shot. The root

mean square (RMS) roughnessis 90 nm, and there are undulations with peak-to-valey
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heights of 150 nm. Overdl, the film coverage is uniform over an area.of 1001 nt-
Figure 2(b) shows an AFM image of a 700 nm HRP film that was grown at three times
the rate as the film shown in panel (8). The RMS roughnessis 200 nm for thisfilm, and
there are undulations with peak-to-valey heights of nearly 1im.

MAPLE hasthe ahility to control film thickness aswdll asfilm uniformity and
roughness by increasing or decreasing the deposition rate. Higher growth rates usualy
produce rougher, less uniform films while dow ratesincrease film uniformity and can
produce remarkably smooth films*4° This control enables MAPLE to tailor the surface
morphology of thin films for specific gpplications. For example, some chemica sensing
devices based on surface acoustic wave resonators require very smooth and thin filmsin
order to achieve faster response rates and higher anayte sensitivity.3”*® Conversdly, asa
means to increase the surface area for anayte binding, some biosensor devices require
thicker films that have high surface areas*>*® The rough protein films formed by
MAPLE in these studies could potentialy increase the detection capability of a coated
device by increasing the active protein area exposed to the andyte. If smoother filmsare
desired, the rate of growth could be dowed by over an order of magnitude by decreasing
the biomaterid concentration in the matrix, lowering the incident energy, and cooling the
matrix to lower temperatures. This versdility is an advantage of MAPLE over other
coating techniques, i.e,, its ability to control the surface morphology of a biomaterid film

and tailor the surface properties to the requirements of a pecific device.

Characterization of MAPLE-deposited Protein Thin Films

|. Fourier Transform Infrared (FTIR) Soectroscopy

11



Infrared spectroscopy is frequently used as a characterization tool for
biomolecules, and it is an accepted technique to gain information about not only primary
chemical structure but aso secondary structure*”#84° \We compared the FTIR spectra of
the native protein to the spectra of laser-deposited protein by coating HRP on NaCl plates
with spin-coating and MAPLE, respectively. Figure 3(a) showsthe entire FTIR spectra
(700 to 3500 cm't) for both the spin-coated (dashed line) and MAPL E-deposited (solid
line) films. Both spectraare nearly identica over the entire spectral range, except for a
atmospheric CO, peek in the spin-coated film. Specifically, the bands of amide | a 1650
cmt (C=0 stretching), amide 11 at 1550 cmi* (N-H deformation and C-N stretching), and
three pesks below 1200 cmi* (symmetric and asymmtric organic hydroxyl stretching)
are wdll reproduced in the spectrum of the MAPL E-deposited film.

Information pertaining to secondary structure can aso be obtained by analyzing
dight shiftsin the amide | and amide Il pesks*®*° Upon denaturation of an & hdlix, the
amide | band shifts from 1650 cmi* to 1640 cni®, while the amide 11 band shifts from
1550 cmi* to higher frequencies. Figure 3(b) expands the frequency axis of the FTIR
gpectrafor both the spin-coated and MAPL E-deposited films. Thereis clearly no shift
from 1550 cmi in the amide |1 band of both spectra, while the amide | band for the
MAPLE HRP film shows some broadening and adight shift to higher frequencies. The
pesk maximum for the amide | band for the MAPLE film, however, remains a 1650
cmt. This peak at 1650 cmi* suggests that the mgjority of & helix structures remain
intact, but the broadening and dight shift to higher frequencies may be evidence that

some & helix structures change to random coil structures. Overdl, it gppearsthat the
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laser-matrix interaction and vapor deposition during MAPLE does not significantly ater

the secondary structure of transferred HRP.

Il. MALDI-TOF and LC/EIMS Analysis

We performed both MALDI and LC/EIM S experiments on MAPLE-deposited
insulin (amolecular weight sandard for MALDI experiments) in order to determine
whether the laser-matrix interaction aters the parent mass of the transferred protein.
Both MALDI and dectrosoray anays's confirmed the presence of intact insulinin
MAPLE-deposited films. The MALDI spectrum is shown in Figure 4a. The spectrum is
characterized by anumber of pesaks a lower molecular weight that can be attributed to
the laser desorption of sdts and the organic matrix used to facilitate MALDI anaysis.
Although the masses of these peaks are not labeled in the figure, they include such ions
asm/z 23 and m/z 39 (Na" and K™, respectively), aswell as peaks attributable to matrix,
such as[M+H]", [2M+H]", or other adducts of matrix and matrix fragments for sinapinic
acid (e.g., m/z 225, 451). These lower molecular weight pesks are typicaly observed in
MALDI spectra. The spectrum above m/z 600 isrelatively clean. A mgor pesk is
observed at m/z 5734, corresponding to the protonated molecular ion [M+H]™ for insulin.
A smdler satellite peak corresponds to an adduct ion between insulin and a matrix
molecule [M+SA+H]". The only other significant pesk in the spectrum arises from the
doubly charged insulin ion, which agppears a m/z 2867 and is characteristic of MALDI
gpectra of insulin.

The spectrum shown here demondrates that a mgority of the insulin molecules

are depogited intact on the S surface. The mass of the mgor peak in the spectrum (m/z =



5734) correlates well with the expected mass, within the mass accuracy of this system
(0.1%). The measurement is not sufficiently accurate to confirm that smal changesin
mass (e.g. dterations to the molecule) have not occurred. However, the absence of
sgnificant ion abundances between the matrix region and the molecular ion region of the
gpectrum indicates that no degradation products of sgnificant mass and abundance are
observed. However, the data cannot rule out the possibility that some of the insulin
molecules may be sgnificantly decomposed into rdatively smdl fragments of low
abundance. It would not be possible to easily confirm their presence in the MALDI
gpectrum, due to the large number of low molecular weight peaks in the mass spectrum
that result from matrix related species.

In order to obtain further information about possible dterations of theinsulin
molecule during the MAPLE process, the extracted samples were dso analyzed by
LC/ESIMS. When analyzed usng a C18 microcapillary column, the sampleyiddsa
single chromatographic peak. The LC/ESI mass spectrum in obtained from that peek is
shown in Figure 4(b). The dectrospray spectrum is characterized by two major peaks,
which occur at m/z 1434.6 and m/z 1912.1. These two mgjor ion peaks arise from
multiply-charged ions that are formed from insulin. The pesk at m/z 1434.6 corresponds
to the [M+4H]** ion, while the pesk at m/z 1912.1 corresponds to the [M+3H]** ion. The
molecular weights calculated from these peaks are 5734.4 and 5733.3, respectively.
These vaues are within 0.02% of the expected average molecular weight (5733.6) and
indicate that no subgtantia modification of the insulin has occurred. For example, insulin
congsts of an A and B chain that are linked by disulfide bonds, and the B chain contains

an additiond intrachain disulfide bond. The calculated molecular weight indicates that
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none of these bonds have been reduced during the MAPLE process. The LC/ESI MS
results aso suggest that there is no significant degradetion of the insulin molecule. Only
one chromatographic peak is observed, indicating that no single degradation product is
present in Sgnificant abundance. However, this does not diminate the possibility that
many fragments of low abundance (and consequently not observed) are formed. Future

andyticd studieswill focus on better establishing the absence of degradation products.

[11. Protein Activity Analysis

In order to further test the chemica and physica integrity of MAPLE-transferred
protein, we determined whether the MAPLE process inhibited the ability of HRP to
catalyze the reduction of 3,3-diaminobenzidine (DAB). Figure 5(a-b) shows optica
micrographs of two MAPLE-deposited HRP films on glass dides (thickness = 500 and 10
nm, respectively) after 20 min of H,O,/DAB exposure. Both films clearly show areas
that are dominated by adark brown precipitate characteristic of reduced DAB. The
images aso show that the drop of test solution dissolved the mgority of HRP and carried
both the protein and the reduced DAB to the edge of the drop. Thisresultsin anort
uniform coating and a concentrated line of reduced DAB at the solvent front. The
appearance of a dark-colored precipitate, however, isaclear indication that the protein
trandferred by MAPLE maintains its activity after laser-exposure and vacuum deposition.
The 500 nm HRP film produced more precipitate than the thinner film, but the 10 nm
protein film, which contains no more than afew monolayers of HRP, till produced

vigble amounts of reduced DAB.
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The DAB results prove that MAPLE-transferred HRP retain their structure near
the active catalytic Ste during the laser-matrix interaction, desorption, and deposition
process. After exposure to the test solution, the 10 nm HRP film dso had avisudly
observable and consstent amount of reduced DAB over the entire test droplet/HRP
interface. This result implies that MAPLE forms afilm of active HRP and thet the
percentage of molecules transferred to the film undamaged is high.

The lower portion of both panels (a) and (b) in Figure 5 show the area of the films
where the deposited HRP was washed away by the droplet of test solution, while the top
shows the unperturbed HRP film. Upon exposure to the test droplet, the protein was
lifted into solution because the HRP is weekly bound (physisorbed) on the glass
subgtrate. As discussed below, we are able to deposit a semi- permesable polyurethane
membrane that shieds the underlying protein from the aqueous test solution and

diminates this solvation effect.

Thin Film Structures Deposited by MAPLE
|. Patterns and Multilayers

MAPLE is capable of forming mesoscopic patterns of biomolecules by placing a
shadow mask on the substrate that receives the vapor-deposited materid. A mask
fabricated by Dynamics Research Corporation was used in conjunction with MAPLE to
form patterns of an HRP/ polyethylene glycol (PEG) composite on a hydrogenated silicon
substrate. We found that depositing a protein-polymer composite enhanced adhesion to

the hydrogenated silicon substrate and enhanced edge resolution for depositions through
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the shadow mask. However, this composite was gtill susceptible to an agueous
environment, and H,O»/DAB exposure washed the HRP/PEG pattern from the subgtrate.

In an attempt to retain active biomaterid patterns after exposure to an agueous
environment, we deposited an array pattern of HRP spots coated with a semi-permeable
polymer membrane®*°1°? We deposited the HRP/PEG composite pattern by MAPLE
followed by PLD deposition of a polyurethane (PU) film over the entire substrate. PLD
was chosen to deposit the PU film because of previous experiments that successfully
formed thick (several i m), semi- permesble PU membranes for analytical applications >3
We find that the PLD-deposited PU overcoat iswater repelant, protects both the protein
and PEG pattern during H,O,/DAB exposure, and forms a membrane with pores large
enough to alow andyte molecules to penetrate the film (see DAB exposure results
below).

Figure 6 shows optica micrographs of this multilayer structure formed from the
sequential deposition of patterned HRP/PEG composite and PU by MAPLE and PLD,
respectively. Figure 6(a) shows one part of the patterned film with an array of 2501 m
diameter HRP/PEG dots. The entire patterned film includes different areas of lines and
dots with diameters ranging from 250 to 20 i m. The HRP/PEG film is 500 nm thick
while the polyurethane overcoat is nearly 2 1 m thick. The micrograph in pand (a) was
taken prior to H,O»/DAB exposurein order to demonstrate the appearance of the
protein/polymer multilayer before the precipitation of reduced DAB occurred. The
HRP/PEG film gppears rough with small light brown particulates. The rough nature of
the HRP/PEG film shown in Figure 6 is most likely due to the addition of PEG to the

protein target. When fast deposition rates are used to grow PEG films, we find that both
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PLD and MAPLE form films with high concentrations of particlates** The amount of
particulates depends on the PEG molecular weight, target concentration, and laser
fluence, and current investigations are amed a improving PEG film qudity. Another
god of our current research in thisareais to find better composite materias or surface
interactions to improve adhesion without disrupting film quality or peattern integrity. The
array pattern, however, can eadly be distinguished in the current experiment, and the
aress of protein are clearly defined from the areas with no sendtive materid.

Pands (b-d) of Figure 6 are higher magnification micrographs of the
protein/polymer multilayer after H,O>/DAB exposure. Panels (b-d) show three DAB-
exposed HRP patterns. (b) a250 i m diadot, (¢) a250 im dialine, and (d) a50 i m dia
dot. The dotted linein pand (d) is shown as an ad to the viewer and is an outline of
deposited protein pattern. The dightly lighter color ingde the line is due to the deposited
HRP, but the small diameter of this dot and the smdl color change for regions containing
protein make it difficult to discern the pattern boundary. In stark contrast to Figure 5
where the test droplet completdly dissolved the HRP film and left acircular ring of
precipitate, the micrographsin Figure 6 show that the protein patterns remain
unperturbed after exposure to the DAB solution. Each panel aso shows that the reduced
DAB is present after exposure to the test droplet, demonstrating active HRP is present in
thefilm. Instead of the precipitate being carried to the edge of the test droplet, asisthe
case for the uncoated HRP film, the dark brown precipitate is now confined to the areas
on the film where the active protein is present. Even the 50 i m diameter dot shownin
pand (d) contains substantial dark brown precipitate. The 20 1 m diameter dot array (not

shown), however, did not show congstent activity. Thisismost likely due to the random
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digtribution of poresin the PU overcoat and does not indicate that 20 1 m patterns of
active proteins cannot be formed using this technique. These figures demondrate that
MAPLE is able to deposit biomaterid and polymer multilayers and form stable 50 im
resolution patterns (1960 i n) of sensitive materia that survive exposure to anayte

solutions.

[1. Multi-material Arrays

Fabrication of biosensor arrays and antibody or DNA microarrays require
multiple materias to be patterned adjacently on the same subgirate. By smply changing
the target materid and adjusting the shadow mask, MAPLE is capable of forming
adjacent patterns of many different materids. Figure 7 shows two different adjacent
patterns of HRP and fluorescent-tagged dextran (10,000 MW, Texas Red tag) formed by
MAPLE depositions through a shadow mask. Both depositions were performed using a
composite matrix of buffer solution, PEG, and HRP or dextran. PEG composites were
deposited to enhance film adhesion and to aid in growing thick dextran films necessary to
produce sufficient red fluorescence emission in adry environment that could be observed
by the CCD camera attached to the microscope. Pand (@) shows awhite light optical
micrograph of adjacent 50 i m diameter dots of HRP and dextran, while pand (b) shows
neighboring 50 1 m wide lines of HRP (perpendicular line) and dextran (pardld lines).
To demondtrate that these patterns are two adjacent materias, we exposed both filmsto a
black light. Pands (c) and (d) show UV-exposed micrographs of the films shown in

panels (&) and (b), respectively. Both sets of dextran patterns fluoresce due to the
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attached Texas Red tag, while the HRP pattern remains dark because the protein is not
fluorescent-tagged.

Figures 6 and 7 demondtrate that by forming patterns of adjacent materids and
multilayer films, MAPLE and PLD are capable of sequentidly depositing multiple active
elements by smply changing the target and adjusting the shadow mask. We have shown
that MAPLE is able to deposit thin films of active biologica materids, while PLD
successtully deposits protective overcoat films. These results, in combination with
known PLD capabilities to deposit eectronic materials, show that |aser-based tools are
cgpable of fabricating entire miniature senang devices or microarrays with active

dements on the order of tens of im.

Summary and Future Work

We have shown that thin films and patterns of severd biomaterids can be
deposited by a psuedo-dry technique termed matrix assisted pulsed laser evaporation
(MAPLE). MALDI-TOF and LC/ESIMS andysis of MAPLE-deposited materia
demongtrate that this laser-based approach forms thin films of biomaterids by carrying
intact biomolecules from target to subgirate. Infrared spectra of HRP films show that the
chemicd and physicd structure of the protein is maintained post-MAPLE transfer. A
solvent-phase activity test performed on HRP films aso indicates that the mgority of
transferred protein retains chemica and physical structure. These results are the first
demondtration that pure films of intact, active biomolecules can be deposited using a

vapor-deposition technique.

20



The results presented in this paper highlight severd attributes MAPLE has for
deposting biomaterid thin films. MAPLE is capable of forming thin films over awide
range of thicknesses from 10 nm to over 1 i m and with accurate thickness control (<0.05
nm/laser shot). Many current technologies using SAMs are only capable of depositing
monolayers, while other thick film deposition techniques, such asink jet printing, are
unable to control thickness and film uniformity. MAPLE's thickness control and accurate
materia placement, therefore, may be particularly useful for thick film amperometric
biosensors where accurate thickness control and uniform film coverage are crucid to
signd output.>* The surface morphology of biomaterid films can dso be controlled by
MAPLE, enabling this technique to tune the roughness of films to meet specific device
requirements. Multilayers of many different materids (i.e, polymers, active
biomolecules) can adso be formed in situ, enabling protective overcoats or membranesto
be easly formed. By using MAPLE and PLD together, laser-based techniques could
sequentialy deposit eectrodes, active biologica molecules, and a polymer or biomateria
coating to immobilize and protect the underlying materids. Multiple materids can dso
be patterned adjacently on the same substrate, enabling microarrays to be fabricated with
feature Sze and spacing as smdl as20 im. MAPLE is unique becauseit isable to
combine these attributes into one processing tool to fabricate Sructures unattainable by
other technologies.

The experiments described here demonstrate that MAPLE is an excellent method
to deposit biomaterid thin films. Due to this success, we plan to continue our basic and
gpplied research inthisarea. Current studies are focused on applying MAPLE to

biomolecules that are used in biosensors with the god of fabricating a functioning
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microfluidic device. We aso plan to explore the extent to which MAPLE can be used to
transfer different biomolecules such as DNA or antibodies. The current studies aso
highlight the need for further investigations to determine the best methods to adhere
MAPL E-deposited biomolecules to different surfaces without perturbing their activity.
Our current efforts to create a polymer-protein composite to increase adhesion were
successful, but patterning this composite materia produced particulate-rich films. We
therefore are exploring methods to modify the substrate surface to increase materia
adhesion as well as methods to chemicaly immobilize deposited moleculesin situ.
MAPLE dso holds potentid to deposit not only biomolecules but aso amatrix that acts
to maintain the activity of the sendtive materid or help adhere it to the subgirate.

Overdl, MAPLE holds promise as anovel and versatile technique to deposit and pattern

thin, active biomolecular films of varying thickness and surface morphologies.
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Figure Captions

1) Schematic of MAPLE apparatus. A low-fluence UV laser pulseisfocused on afrozen
target conggting of a dilute mixture of biomateria in an aqueous buffer solution. The
laser energy is absorbed by the matrix (water molecules), resulting in desorption of both
water and biomolecules. The more volatile water is pumped away by the vacuum, and
the less voletile biomaterid is captured by the subdtrate, forming a pure film of active
meterid.

2) AFM images of two HRP films. (a) 200 nm thick HRP, (b) 600 nm thick HRP. The
images demongtrate how MAPLE is able to contral film thickness and surface
morphology.

3) FTIR spectra of spin-coated and MAPLE-deposted HRPfilms. (@) MAPLE film
reproduces the native protein spectrum over the entire spectra range. (b) The amine | and
Il pegks for the MAPLE spectrum show no significant shifts, implying the protein
dructure isintact post-transfer.

4) (a) MALDI-TOF spectrum of MAPLE-deposited insulin (peaks due to matrix
materids are off scale). Single peak suggests that the mgority of insulin transferred by
MAPLE retainsasingular mass. (b) LC/ESIMS spectrum of MAPLE-deposited insulin
a0 suggests that MAPLE does not damage the protein during transfer.

5) (&) 500 nm and (b) 10 nm HRP film grown by MAPLE. Micrograph was taken after
exposure to DAB solution. Dark brown color indicates the transferred HRP retainsits
ability to catayze the reduction of DAB.

6) (8 250 i m HRP/PEG dot array with polyurethane (PU) overcoat before exposure to

aqueous DAB exposure. (b) 250 i m HRP dot with PU over-layer post-DAB exposure. (C)
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250 im HRP line with PU over-layer post-DAB exposure. (d) 50 i m HRP dot with PU
over-layer post-DAB exposure. The PU overcoat confines the active signa (brown
precipitate) within the HRP domains.

7) (a) White light micrograph of a50 i m HRP/PEG dot array adjacent to fluorescently-
tagged dextran array. (b) White light micrograph of a50 1 m HRP/PEG line perpendicular

to adextran line. (c) UV-exposed dot array. (d) UV-exposed perpendicular lines.
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